Abstract A novel surface wave plasma (SWP) source excited with cylindrical Teflon waveguide has been developed in our previous work. The plasma characteristics have been simply studied. In this work, our experimental device has been significantly improved by replacing the Teflon waveguide with a quartz rod, and then better microwave coupling and higher gas purity can be obtained during plasma discharge. The plasma spatial distributions, both in radial and axial directions, have been measured and the effect of gas pressure has been investigated. Plasma density profiles indicate that this plasma source can produce uniform plasma in an axial direction at low pressure, which shows its potential in plasma processing on a curved surface such as an inner tube wall. A simplified circular waveguide model has been used to explain the principle of plasma excitation. The distinguishing features and potential application of this kind of plasma source with a hardware improvement have been shown.
Introduction
As a kind of high density plasma generator, a surface wave plasma (SWP) source has been commonly used in many plasma processing and applications due to its relatively simple structure and easy controllability [1−18] . The two typical configurations of SWP source are cylindrical SWP column [1−5] and planar SW discharge via a slot antenna structure [6−13] . The generator with a slot antenna structure has many advantages in producing large area uniform plasma compared to column structure, while a uniform plasma column is requisite in some applications such as film deposition on a curved surface (bottom or tube inner). Plasma column excited along negative biased conductive rod was developed for the DLC (diamondlike carbon) films deposition [14−17] . A new type SWP source with a Teflon rod has been developed in our laboratory and its partial characteristics have been studied. High density (10 12 cm −3 ) columniform Ar plasma can be produced at 40 Pa with 330 W incident microwave power [18, 19] . This kind of columnar plasma is expected to be used in the processing on the tube inner surface or some other curved surface. Another possible application of this discharge is to use dielectric rods in an array to make extra-large area plasma for large area plasma processing. For these purposes, lower pressure discharge and the plasma density distribution along the dielectric rod (the uniformity in axial direction) should be studied. The other significant issue not mentioned in previous work is the purity of the plasma and its influence on the probe measurement. Due to the impurity particles from Teflon bombed by overdense plasma, the experimental result from Langmuir probe should be considered carefully. Consequently, we developed the device hardware for more detailed study. A microwave connector has been used for a better microwave coupling to plasma column and one quartz rod replaced the Teflon rod for a purer discharge environment. We have studied both the plasma spatial distribution and the pressure dependence on plasma discharge. A circular waveguide model has been used to explain this kind of plasma excitation.
Experiment
Although the experimental setup is similar in structure to our previous work [18] , many significant changes have been made. The schematic drawing of the improved device is shown in Fig. 1 . A new larger chamber with inside diameter of 60 cm and height of 30.5 cm is used for the plasma discharge. Both a rotary pump and a turbo pump are employed for vacuum and then the base vacuum can reach 10 −3 Pa, which is much better than the previous setup. A new 2.45 GHz microwave generator with an adjustable power range up to 1500 W is deployed. A quartz rod with diameter of 4 cm and length of 40 cm is selected to replace the previous Teflon rod as the dielectric waveguide for microwave coupling. The relative permittivity of dielectric is changed from 2.6 (Teflon) to 3.8 (quartz). This change of the dielectric material is necessary because as previous Teflon rod was used, the bombing effect on Teflon surface by the particles in plasma cannot be ignored. In other words, the plasma was polluted by sputtering on the Teflon surface, which affected the plasma diagnosis with Langmuir probe. Quartz is widely used as the dielectric material in a plasma generator, so we tried in this experiment to make the discharge environment better in gas purity. Plasma densities in both radial and axial directions have been measured by a Langmuir probe in this more reliable experimental environment. 
Results and discussion
To excite a surface wave requires both an overdense plasma and sufficient interface between plasma and dielectric material. In this case, the surface wave can propagate along the plasma-dielectric interface and plasma discharging can be sustained by the electromagnetic field of the wave.
Plasma electron frequency ω p can be written as
where m is electron mass, e is electron charge, ε 0 is the relative permittivity of vacuum and n e is plasma electron density. While neglecting the collisions in plasma, the plasma effective relative permittivity ε p can be expressed as
here ω is the angular frequency of incident wave. The dispersion relation of surface wave propagating along the interface between plasma and dielectric is generally given by [20] 
where ε d is the dielectric relative permittivity. The surface wave resonance can occur when it satisfies ω
The cut-off electron density to excite surface wave can be calculated by Eqs. (1), (2) and (4). To sustain a pure SW mode, the critical electron density should be over 3.7×10
11 cm −3 (here the source frequency is 2.45 GHz and the dielectric is quartz with ε d =3.8).
In our case, when the microwave is applied on the quartz rod, a strong electromagnetic field will be formed near the top of the dielectric rod by adjusting 3-stub tuner on rectangle waveguide. The initial discharge can be excited by the electromagnetic field while there is a suitable gas environment. After the plasma electron density exceeds the cut-off density, a surface wave occurs at the boundary between dielectric rod and plasma and then propagates along the boundary towards the bottom of the rod. This ignition process occurs in a short time and we can observe the process that plasma discharge region propagates with the increasing microwave power. Finally, the entire quartz rod can be surrounded by overdense plasma, as shown in Fig. 2 . Plasma discharge was diagnosed with a homemade Langmuir single probe. Here we used argon as working gas with a pressure of 5 Pa. The microwave incident power was 300 W and the reflection power could be reduced to almost 0 by adjusting the energy coupling via the 3-stub tuner. The n e profile in radial direction ranged from r=2.2 cm to 12 cm at axial position of z=10 cm. To avoid the probe tip touching the quartz rod, the start point was selected at r=2.2 cm. The n e profile in axial direction was measured along the entire quartz rod (from z=1 cm to 30 cm) in the chamber with a distance 3 cm to the quartz rod surface (at r=5 cm). The results are shown in Fig. 3 . In Fig. 3(a) the electron temperatures in different radial positions are all about 1.5 eV, except those too close to the quartz surface. This is due to the strong electric field near the quartz rod formed by surface wave which affects the accuracy of the probe measurement. The plasma density profile in the radial direction is similar because of the density profile perpendicular to the dielectric material in planar SW plasma [16, 17] . As the probe moves along the radius, the electron density increases to a peak value and then decreases gradually due to the diffusion. The plasma density in axial direction is shown in Fig. 3(b) . We can find that the plasma density has a uniform profile in the axis ranging from z=5 cm to 20 cm. The plasma electron density starts decreasing when z>20 cm, which is due to the microwave attenuation along the dielectric waveguide. Fig. 4 shows the plasma density with a microwave incident power of 400 W. The working gas is argon and the pressure is 5 Pa. In Fig. 4 the electron densities increase evidently in both axial and radial directions due to the higher microwave power input compared to those in Fig. 3 . In Fig. 4(b) , the uniform electron density range expands to the position about z=25 cm. These results are in concert with the phenomena in Fig. 2 and they are also similar to our previous results with a Teflon rod as waveguide [18, 19] . In high power conditions, there are large reflections during discharge (about 100 W for a 600 W incident power and 200 W for a 700 W incident power) because of the regulating ability limitation of 3-stub tuner. Considering this defect, we just did the discharge experiment under low power conditions for a well microwave power coupling.
With an assumption that the electron density distributions in radial direction have the same diffusion trend along the whole rod, the electron density distribution in cross-section drawn by the data from Figs. 3 and 4 is shown in Fig. 5 .
We find that the uniform plasma region can keep a certain length in the axial direction, which is positive for the plasma processing on a large scale. Considering the plasma density profile in Fig. 5 , one possible application of this plasma source is to place dielectric rods horizontally in an array, and then large area uniform plasma can be produced. However, this is limited by the present equipment and we will conduct this experiment in the future. In different plasma applications, various pressure conditions are requested. Fig. 6 shows the pressure dependence on electron density distributions with Ar plasma. The incident power was kept at 400 W and the reflection was eliminated by adjusting the 3-stub tuner during the experiment. We find that the electron density distributions have a similar profile at different pressures. As the pressure increases, the density peak position in Fig. 5(a) shifts and the axial uniform range in Fig. 5(b) becomes narrower.
According to the electromagnetic waveguide theory, it is possible to calculate the electromagnetic resonant mode inside a waveguide system by Maxwell's equations. In this case, it can be described as a simplified circular waveguide model, which consists of dielectric filler and plasma boundary, as shown in Fig. 7 . Considering the plasma skin depth
Higher plasma density will induce a 'thinner' plasma wall, as shown in Fig. 7 . The equivalent waveguide radius R = R d + R plasma will also decrease. Considering the cut-off wavelength λ c for circular waveguide, it is proportion to the waveguide radius. Thus different plasma densities will generate different sets of equivalent cut-off wavelengths under the same hardware condition. This may be a simple explanation for the mode changes observed while plasma density increased in our previous work [19] . Fig.7 The cylindrical dielectric rod waveguide model
Conclusions
In this work, the columniform SWP generator driven by 2.45 GHz with cylindrical dielectric rod was improved in several ways. By replacing the Teflon rod with a quartz rod as a dielectric waveguide, a cleaner plasma environment can be achieved. This makes the probe measurement more reliable. Plasma density profiles in axial and radial directions are measured with a Langmuir probe. Uniform columniform plasma with a length of 20 cm can be produced. With the incident powers of 300 W and 400 W, electron densities of Ar plasma can reach 4×10 11 cm −3 and 6×10 11 cm −3 , respectively. The electron temperature is about 1.5 eV in the diffusion region. Plasma discharges in different pressures are investigated. With this columniform plasma, a curved plate surface modification can be processed uniformly over a certain length. Large area uniform plasma may be produced with a dielectric rod array in the same discharge mode.
